Nonparametric Inference for the Recurrent Event Data with Incomplete Observation Gaps by �궓�젙紐�
The Korean Journal of Applied Statistics (2012)
25(4), 621{632
DOI: http://dx.doi.org/10.5351/KJAS.2012.25.4.621
Nonparametric Inference for the Recurrent Event Data
with Incomplete Observation Gaps
Jinheum Kim1  Chung Mo Nam2  Yang-Jin Kim3
1Department of Applied Statistics, University of Suwon
2Department of Preventive Medicine, Yonsei University College of Medicine
3Department of Statistics, Sookmyung Women's University
(Received March 30, 2012; Revised April 26, 2012; Accepted May 25, 2012)
Abstract
Recurrent event data can be easily found in longitudinal studies such as clinical trials, reliability elds,
and the social sciences; however, there are a few observations that disappear temporarily in sight during the
follow-up and then suddenly reappear without notice like the Young Trac Oenders Program(YTOP) data
collected by Farmer et al. (2000). In this article we focused on inference for a cumulative mean function of
the recurrent event data with these incomplete observation gaps. Dening a corresponding risk set would
be easily accomplished if we know the exact intervals where the observation gaps occur. However, when
they are incomplete (if their starting times are known but their terminating times are unknown) we need to
estimate a distribution function for the terminating times of the observation gaps. To accomplish this, we
treated them as interval-censored and then estimated their distribution using the EM algorithm proposed
by Turnbull (1976). We proposed a nonparametric estimator for the cumulative mean function and also
a nonparametric test to compare the cumulative mean functions of two groups. Through simulation we
investigated the nite-sample performance of the proposed estimator and proposed test. Finally, we applied
the proposed methods to YTOP data.
Keywords: Cumulative mean function, interval censoring, observation gaps, recurrent event data, Young
Trac Oenders Program.
1. `
¬¬t Ì(recurrent event data) $ÙH p¬ ÁÜØðlÐ T ÝXp t L
 ì  QÀ |Ü<\ Ýä  ¬|À ät  tä. ¬¬t ÌÐ  \  
X ðlä@ ðx Ü ÙH Ät  !`   ´äD  Á<\ Xà ä (Andersen
ñ, 1993; Cook ñ, 1996; Lin ñ, 2000). øì´Ð0||0ÙH !Ð¬|Lä äÜ
À |t õ<\ |´  Ä ä. tü  !Ð ¬|À lD ` ! È'(observation
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gaps)t|à Xp  ! ÈX ]t U\ Ì| D\  ! ÈD  Ä ¬¬t Ì|à x
ä. øðlXÙ0 ÈXÌ Young Trac Oenders Program(YTOP) Ìtä. t
Ì øm Missouri ÀíÐ ´tÈ| èÝ\ 168{238X ´ 192Ð  \ Ä 0]D
Ä¥<\ ¬\ tä. YTOP ÜÄôä 20km/h| ü\ ´Ð XèÙH Ä
P! \ø¨tä. t ðlX ü ©@ t P! \ø¨t Ä Ýt| t p ¨ü
xÀ|É XpÈä (Farmer ñ, 2000; Sun ñ, 2001; Zhao@ Sun, 2006; Kimü Jhun, 2008).
Farmer ñ (2000)@ p¬0ÙH Ý\  Ä tÐÌ D Þ° èÜù Ýt|
Õ<\ YTOP 8 ìÐ 0| Éà Ýt  \ äxÀ| X ä. Sun ñ (2001)@ Ä
D ¬¬t<\ äèÈ<p Ä ¬¬tD à$\ D HX ä. XÀÌ p¬0 Ð
´À 9D <t |\ 0ÙH ´D `  Æ p Sun ñ (2001)@ tð ´À0
D Ð à$XÀ JXä. Zhao@ Sun (2006)@ Sun ñ (2001)t ü\ D ôDX0 t
´À0D Missouri ÀíXÜÐÞ°À\Ä´À0DÐìhX ä. øìä
\ ´À  t ÜÐ  \ 0]@ Æ0 L8Ð Zhao@ Sun (2006)X )@ \t|à
`  ä. t| ùõX0 t Kimü Jhun (2008)@ ´À  t ÜD lÄè 
<\ äèÈä. Kimü Jhun (2008) ´À| ìì  ½Øä`À|Ä « ø ´ÀÌD h
 ´À  t ÜÐ  \ ì| X ä. ø |8Ð « ø ´À ÐÌDÈ| \
´  ½Ø\ ¨à ´À| ìhXì ´À  t ÜÐ  \ ì| Xà t| Õ
<\ YTOP 8 ì1ÄÐ0|PµÜ \äxÀ|Xà\ä.
2Ð D\  ! ÈD  Ä ¬¬t ÌÐ  ! ÈX ÌÜÐ  \ ì| EM Là
¬ (Turnbull, 1976)D h Xà, t| Õ<\ ¬¬tX Éàh(Cumulative Mean
Function; CMF)Ð  \ D¨ ÉD HXà \ä. \ ÉàhÐ  \ ÉD h
 \ Å½x P ÑèX Éàh  \ äxÀ| `   D¨ D HXà
 \ä. 3Ð ¨XäØD µt H\ Éü X \ø 1ÈD ´´ôà, YTOP Ì
Ð ©Xì ø °ü| ´´ôà \ä. 4Ð H\ )X \ü ¥Ä ðl )¥Ð  t  
XXà\ä.
2. ÉàhÐ  \ `
2.1. D\  ! ÈX ÌÜÐ  \ EM ü ØÑiX ü¬
¬¬tD  Ä nX ´\ tè´Ä ½Ü Ì| à$X. Ni(t) tÜLÀ(, (0; t] ÙH)
iø ´  ½Ø\ ¬¬tX \ XX (è, i = 1; : : : ; n). Yi(t) tÜÐ  !`  
<t 1, øÀ J<t 0<\ XX.  ! Èt Æ ¬¬t Ì Yi(t)  èptÀÌ,  !
Èt  ¬¬t Ì Yi(t)  èptÀ Jà D p 0ü 1X D  Ää. ä   ! È
t Ý\ lD U ¨xät(,  ! Èt DXt) Yi(t) U`<\ X` Ð Æä.
Ni(t)XÉàh
i(t) = EfNi(t)g
@ t XXà, tÜLÀ Ý\ ¬¬t@ tÜÐ ØÑiÐ  ´  äLü 
tXX.
N(t) =
nX
i=1
Yi(t)Ni(t); Y(t) =
nX
i=1
Yi(t):
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\¸, Ni(t)@ Yi(t)\Å½t|à X.
YTOP ÌüD\ !ÈD ÄÌäLüä.n
tik; ~Yi; sij

: i = 1; : : : ; n; k = 1; : : : ; ri; j = 1; : : : ;mi
o
:
tik iø ´X kø ¬¬t Ütà, ~Yi iø ´   ! ÈD 1 tÁ  Àà <t 1,
øÀ J<t 0tä. sij iø ´X jø  ! Èt Ü Ütä. <`, ¬¬tD ½Ø
XÀ J@ ´ ri = 0tà,  ! Èt Æ ´ mi = 0tä. iø ´X jø  ! Èt ]
 Ü( 9, eij ; j = 1; : : : ;mi)D Hät l (sij ; eij ]Ð Yi(t) = 0<\ XX t Àù
` tä. øðp eij  °!Èät <   ! Èt Ì ÜÐ  \ ì| t| ` t
ä. t| t ø |8Ð eij  lÄèÈäà  Xà \ä. Äè lD UX
 X`  ÆÀÌ  !Ì| t©Xì äLü t XXà \ä. <  ~tij0 sij 1ôä p
tikX \<\ XXà, ~tij1 sijôä p tikX \<\ XX (è, si0 = 0).  Äè
l (Lij ; Rij ]X]@äLütX\ä.
Lij = sij   ~tij0; Rij = ~tij1   ~tij0:
Lij@ RijX ÜÜ<\ X\ ~tij0Ð ¸¥t D  ÀÌ l (Lij ; Rij ]X íÐ ¥D øX
ÀJ0L8Ð4)Xä.
U`À Gij = eij   ~tij0(, iø´X jø !Èt]Ü)Xì|äLÌ|t©X
ìD¨<\Xà\ä.
D = f(Lij ; Rij ] : i = 1; : : : ; n; j = 1; : : : ;mig :
Ù|\ ´\0 õ  ! Ì \ Å½t DÈ0 L8Ð N =
Pn
i=1miX Ì  \ Å
½t|à `  Æä. øì YTOP ÌX ½° PµÜ<\ ´tÈ  èÈä  t
È  õt t 0<\ ¬$ 0 L8Ð YTOP ÌÐ Ù| ´Ð »´Ä Ìät
\ Å½t|à  tÄ 4)Xä.  NX ÌÐ Lindsey@ Ryan (1998)X ÜYÐ 0| ÙñÑ
i(equivalence set)D>àÙñÑiXD
0 = a0 < a1 <    < aq < aq+1 =1
|àX. al (l = 1; : : : ; q)Ð GijXU`D
fl = Pr(Gij = al)
|àX. 0|, Ì DÐ Turnbull (1976)X EM Là¬D©Xì flDäLütX.
n0 =
Pn
i=1
~Yimità, ijl = I(al 2 (Lij ; Rij ])|àX. flX søõt| f^ (s)l |àXt,
f^
(s)
l =
1
n0
nX
i=1
miX
j=1
v
(s 1)
ijl ; l = 1; : : : ; q
è,
v
(s 1)
ijl =
~Yiijlf^
(s 1)
l
qP
g=1
~Yiijg f^
(s 1)
g
:
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eij  D\  ! È l (sij ; ~tij1) ´ ´ ÜÐ ÝÀ| L  Æ0 L8Ð t lÐ
 Yi(t)| U`<\ X` Ð Æä. iø ´  1 tÁX  ! ÈD  Àà ät (,
~Yi = 1 t|t) jø  ! È ´ X Ü tÐ,  t 2 (sij ; ~tij1)Ð Yi(t)X pt 0 @ äL
ütü´Ää.
E fYi(t)jGij 2 (Lij ; Rij ]g = Pr
 
Gij < t  ~tij0jGij 2 (Lij ; Rij ]

:
0|, EfYi(t)jGij 2 (Lij ; Rij ]gXÉ@äLüä.
E^fYi(t)jGij 2 (Lij ; Rij ]g = 1 cPr  Gij  t  ~tij0jGij 2 (Lij ; Rij ]
= 1 
qP
l=1
I
 
t  ~tij0  al  Rij

f^l
qP
l=1
I (Lij < al  Rij) f^l
: (2.1)
iø ´X j (= 1; : : : ;mi)ø  ! ÈÐ  t, Jij(t) = Ift 2 (sij ; ~tij1)g|à X. mi  ! È
X Ü tÐ , ´¤ jÐ  tÄ Jij(t) 6= 1tt  !0 L8Ð Yi(t) = 1tp, mi  !
È ´X Ü tÐ , ´¤ jÐ  t Jij(t) = 1tt ø  ! È ´Ð  !À »X0 L8Ð
Yi(t)| Ý (2.1)ü t X\ä. 0| Ì| iø ´  1 tÁ  ! ÈD à ät, i(à
Á)ôä @ ¨à Ü tÐ ØÑi Yi(t)| D\  ! ÈÐ  t U`<\ ô\ Y^i(t)\
 ´Xà\ä.
Y^i(t) = 1 
miX
j=1
Jij(t)
qP
l=1
I
 
t  ~tij0  al  Rij

f^l
miP
j=1
Jij(t)
qP
l=1
I (Lij < al  Rij) f^l
: (2.2)
Ì| iø ´   ! ÈD   À Jät , ~Yi = 0tt, ¨à t (< i)Ð  t Yi(t) = 1tä.
tü !ÈD ÀJ½°|hØìhX0tÝ (2.2)|äLüt¬\\ä.
Y i (t) = 1  ~Yi
miX
j=1
Jij(t)
qP
l=1
I
 
t  ~tij0  al  Rij

f^l
miP
j=1
Jij(t)
qP
l=1
I (Lij < al  Rij) f^l
:
T8¸ ðlÐ ¨à ´X 0t Ù|X0 L8Ð i  ¨P ÀÌ, YTOP Ì@ @
Ä¥ ðlÐ ´tÈ èÝÜt \ ät0 L8Ð ´Èä i  \ À Jä. \¸,
N(t)@ Y(t)Ð Yi(t)| Y i (t)\ ´Xì N

 (t)@ Y

 (t)|äLütX\ä.
N (t) =
nX
i=1
Y i (t)Ni(t); Y

 (t) =
nX
i=1
Y i (t):
2.2. CMF É
ø Ð ¨à ´  Ù|\ CMF|  Ääà ` L,  ¨à t 2 (0; )Ð  t 1(t) = 2(t) =
   = n(t) = (t); õµ CMF (t)X ÉD HXà ø ÉX  \ø 1ÈD ´´ôà
\ä (è,  = minf1; : : : ; ng). (t)Ð  \ D¨ ÉD äLü t HXà \ä. ¨à
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t 2 (0; )Ð t,
^(t) =
Z t
0
dN (s)
Y  (s)
è, dNi(t) = Ni(t) Ni(t )tà dN (t) =
Pn
i=1 Y

i (t)dNi(t). Ì|¨à´X\äx¬¬t
XÝÜD t1 < t2 <    < td|àXt, ^(t)äLüt\`ä.
^(t) =
X
j:tjt
dN (tj)
Y  (tj)
:
^(t)Ü<\ Lawless@ Nadeau (1995), Cook ñ (1996), Lin ñ (2000), Sun ñ (2001), Zhao@
Sun (2006), Kimü Jhun (2008) ñXü ¬X Yi(t)  àÐD\ !ÈDô\ Y i (t)D
¬©\tätä. \¸, Lin ñ (2000)t¸	\ äDÌqXt, 
(i) ¨à t 2 (0; )Ð t, n!1|L Y  (t)!1;
(ii) Ni ()  Ätt,
 !ÈtÆDLü (Lawless@ Nadeau, 1995; Cook ñ, 1996; Lin ñ, 2000) ^(t) (t)X|X
Étpü¬<\Üì\4\ä. tLü°XÉ@äLütü´Ää.
cvarn^(t)o = nX
i=1
Z t
0
Y i (s)
Y  (s)

dNi(s)  dN

 (s)
Y  (s)
2
=
nX
i=1
8<: X
j:tjt
Y i (tj)
Y  (tj)

dNi(tj)  dN

 (tj)
Y  (tj)
9=;
2
:
0|, (t) DL(non-negative) ht0 L8Ð \øÀXD h (t)Ð  \ 100(1   )% à°
lDlXtäLüt»´Ää.
exp
 
log ^(t) z
2
rcvarnlog ^(t)o!
è, cvarflog ^(t)g = cvarf^(t)g=^2(t):
2.3. P ÑèX CMF DP
ø Ð \ Å½x P ÑèX CMF| DPX0 \ D¨ µÄÉD HXà \
ä. 2.1ü  ¬X ÑèÄ\ Ngi; Ygi; Ng; Yg ;Y gi; N

g; Y

g|  XX (è, g = 1; 2; i =
1; : : : ; ng). \ g(t) = EfNgi(t)g|à Xt Xà X À4 $@ äLü ä. ¨à
t 2 (0;  0)Ð t,
H0 : 1(t) = 2(t)
è,  0 = minf1; 2g: $H0|X0\µÄÉD Lawless@ Nadeau (1995), Cookñ (1996)X
µÄÉü ¬XäLütHXà\ä.
Q() =
Z 
0
w(s)
n
d^1(s)  d^2(s)
o
è, w(t)  Ð tùXp DL !(non-negative predictable) htä. \ 2.2ü  ¬X
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ÑèÄ\ ^g(t)| g(t)X É<\ X\ä. P ÑèÄ\ 2.2Ð ¸	\ P pt (i)ü (ii)| Ì
qXt µÄÉ Q() ü¬<\ Üì\ 4Xà ü°X É@ 2.2ü  ¬X ä
Lütü´Ää.
cvarfQ()g = 2X
g=1
ngX
i=1
Z 
0
w(s)
Y gi(s)
Y g(s)
n
dNgi(s)  d^g(s)
o2
:
0|, µÄÉ
X()2 =
Q()2cvarfQ()g
ü¬<\ Ä 1xttñì\4\ä.
3. X ðl
3.1. ¨XäØ
ø Ð 2.2Ð H\ ÉX \ø 1ÈD ´´ø Ä, 2.3Ð H\ ü 0t 
X %D ¨XäØD µt \ DPXà \ä. <  ^(t)X \ø 1ÈD ´´ô0 t ä
LütÌ|Ý1X ä.
1. Ø`t 1.5x Àì\0 « ø ¬¬tX  0Ü wi1D Ý1Xà « ø ¬¬t Ü
D ti1 = wi1<\X\ä (è, i = 1; : : : ; n).
2. 1õ`t px ttì\0«ø !ÈXÝì|À´ i1DÝ1\ä.
3. Ì| i1 = 1tt, «ø¬¬tÄÐ !Èt<t, «ø !ÈXÜÜ si1|à
ñì U(ti1; ti1 + 0:05)\0 Ý1\ä. \ Ø`t 2x Àì\0 « ø  ! ÈX  
0Ü vi1DÝ1\ä. 0|, «ø !ÈXÌÜ@ ei1 = si1 + vi1<\X\ä.
4. ( 1{3D pXàt,  ! Èt Æ<t « ø ¬¬t Ü ti1Ì Ý1à,  ! Èt <t
«ø¬¬tÜ ti1ü«ø !ÈXÜÜ si1tÝ1ä.
5. « øtÄX ¬¬t Ü@ \ Á ¬¬t Üt \ Á  ! ÈX ÌÜD È\
´ <\ ¡à ( 1{3D õ\ä.  9 P ø ¬¬t Ü@ « ø  ! Èt Æ<t
ti1D<\¡à, «ø !Èt<t ei1|<\¡ä.
i = 5; Ü 5ÐàÄèÜ0<p, É ^(t)X1È@Ü t = 0:5; 1:5; 2:5; 3:5; 4:5Ð
´´ôXä. \øX l0 n = 50; 100D à$X <p,  ! È Ý D(@ p = 0:05; 0:1; 0:2; 0:4|
à$X ä. 1,000X õD µt,  ! È lÐ ØÑiD Yi(t) = 0<\ X\ Sun ñ
(2001)X É(`Ignored')ü 2.2Ð H\ É(`Proposed')D \ DPX ä. P ÉX
1ÈD DPX0 t ¨XäØ (Ð tùX ¬¬tX Éàh  DXä. øðp ¨
XäØÐ ¬¬tü  ! Èt <\ ÝX0 L8Ð Éàh| Á<\ Ä°X
t}ÀJä. 0|ø|8Ð !ÈtÆ¬¬tÐ \Éàh|8pXìP
ÉD DPXà \ä (Zhao@ Sun, 2006). ¬¬tX  0Üt Àì| 0t0 L8Ð  !
Èt Æät (t) = EfNi(t)g = 1:5ttä. Table 3.1@ ÉX ¸¥(= (t)   ^(t))(`Bias')ü \ 
¸((`SD'), \ $(XÉà(`SeM'), Éàñ$(Xñü(`RMSE'), (t)X 95%ìh`(`CP')D
À¸tä.
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Table 3.1. Empirical bias(Bias), standard deviation(SD), mean of standard error(SeM), root mean squared er-
ror(RMSE), and 95% coverage rate(CP) of Sun et al. (2001)'s estimator and the proposed estimator for (t) based
on 1,000 replications
n p t (t)
Ignored Proposed
Bias SD SeM RMSE CP Bias SD SeM RMSE CP
0.5 0.75 0.003 0.115 0.119 0.166 0.961  0.008 0.118 0.122 0.171 0.951
1.5 2.25 0.052 0.207 0.204 0.296 0.934  0.011 0.219 0.213 0.306 0.944
0.05 2.5 3.75 0.106 0.266 0.262 0.389 0.925  0.018 0.283 0.274 0.396 0.945
3.5 5.25 0.159 0.326 0.310 0.478 0.912  0.028 0.345 0.324 0.475 0.932
4.5 6.75 0.212 0.365 0.351 0.551 0.893  0.036 0.384 0.368 0.535 0.934
0.5 0.75 0.022 0.118 0.116 0.167 0.939 0.002 0.123 0.121 0.173 0.945
1.5 2.25 0.119 0.208 0.197 0.311 0.896 0.003 0.224 0.213 0.310 0.929
0.1 2.5 3.75 0.231 0.267 0.253 0.436 0.855 0.001 0.289 0.276 0.401 0.934
3.5 5.25 0.353 0.305 0.299 0.555 0.794 0.008 0.329 0.326 0.464 0.940
50
4.5 6.75 0.456 0.349 0.340 0.668 0.738  0.003 0.376 0.370 0.529 0.941
0.5 0.75 0.046 0.117 0.111 0.168 0.937 0.009 0.128 0.121 0.177 0.937
1.5 2.25 0.215 0.195 0.187 0.346 0.792 0.003 0.226 0.217 0.314 0.938
0.2 2.5 3.75 0.416 0.244 0.240 0.539 0.612 0.004 0.285 0.280 0.401 0.942
3.5 5.25 0.630 0.281 0.283 0.746 0.438 0.018 0.326 0.331 0.466 0.944
4.5 6.75 0.831 0.325 0.321 0.948 0.318 0.025 0.372 0.374 0.530 0.955
0.5 0.75 0.084 0.106 0.103 0.171 0.887 0.018 0.127 0.122 0.177 0.946
1.5 2.25 0.411 0.178 0.166 0.478 0.393 0.063 0.223 0.215 0.317 0.932
0.4 2.5 3.75 0.766 0.230 0.212 0.828 0.103 0.118 0.289 0.276 0.418 0.915
3.5 5.25 1.122 0.264 0.251 1.180 0.027 0.178 0.330 0.327 0.498 0.918
4.5 6.75 1.488 0.292 0.285 1.543 0.003 0.266 0.363 0.369 0.583 0.904
0.5 0.75 0.014 0.088 0.084 0.122 0.934 0.003 0.090 0.086 0.125 0.940
1.5 2.25 0.065 0.151 0.144 0.219 0.914 0.002 0.157 0.151 0.218 0.939
0.05 2.5 3.75 0.130 0.192 0.186 0.298 0.882 0.008 0.200 0.195 0.280 0.934
3.5 5.25 0.184 0.219 0.221 0.362 0.873 0.002 0.228 0.231 0.325 0.944
4.5 6.75 0.234 0.250 0.250 0.424 0.859  0.009 0.259 0.261 0.369 0.950
0.5 0.75 0.020 0.084 0.083 0.120 0.941  0.001 0.088 0.087 0.124 0.950
1.5 2.25 0.118 0.147 0.141 0.235 0.859  0.001 0.157 0.153 0.220 0.938
0.1 2.5 3.75 0.228 0.185 0.181 0.346 0.764  0.003 0.200 0.197 0.281 0.953
3.5 5.25 0.335 0.218 0.215 0.454 0.657  0.013 0.235 0.234 0.332 0.958
100
4.5 6.75 0.445 0.249 0.243 0.565 0.567  0.016 0.267 0.264 0.377 0.943
0.5 0.75 0.038 0.078 0.080 0.118 0.937 0.000 0.086 0.088 0.123 0.946
1.5 2.25 0.217 0.132 0.133 0.287 0.643 0.001 0.153 0.154 0.218 0.950
0.2 2.5 3.75 0.422 0.165 0.170 0.485 0.328 0.009 0.194 0.199 0.278 0.953
3.5 5.25 0.628 0.197 0.201 0.688 0.151 0.016 0.233 0.234 0.331 0.949
4.5 6.75 0.830 0.220 0.228 0.889 0.070 0.026 0.255 0.266 0.370 0.957
0.5 0.75 0.078 0.072 0.074 0.129 0.862 0.011 0.086 0.088 0.124 0.949
1.5 2.25 0.401 0.114 0.119 0.434 0.098 0.051 0.151 0.154 0.222 0.950
0.4 2.5 3.75 0.759 0.146 0.151 0.788 0.003 0.106 0.189 0.197 0.293 0.945
3.5 5.25 1.122 0.173 0.178 1.149 0.000 0.173 0.223 0.232 0.365 0.910
4.5 6.75 1.481 0.197 0.202 1.508 0.000 0.250 0.251 0.262 0.441 0.865
Sun ñ (2001)X )@  ! È ÁÜx ´Ä  ! ÁÜÐ  ü è	X0 L8Ð ØÑiX
l0 ü É  à tÐ 0| CMF ü ä. tð  ! Èt ÎDÈ](, p   `
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Table 3.2. Empirical type I error probability and power of Farmer et al. (2000)'s test(Wilcoxon), Sun et al.
(2001)'s test(Ignored), and the proposed test(Proposed) based on 1,000 replications when 1 = 1:5
n1 = n2 = 50 n1 = n2 = 100
p 2 Wilcoxon Ignored Proposed Wilcoxon Ignored Proposed
1.5 0.057 0.063 0.064 0.047 0.047 0.047
1.4 0.124 0.180 0.184 0.190 0.263 0.271
0.05 1.3 0.369 0.465 0.472 0.593 0.730 0.755
1.2 0.663 0.816 0.823 0.918 0.979 0.978
1.1 0.881 0.969 0.967 0.991 0.999 0.999
1.5 0.053 0.060 0.060 0.039 0.056 0.060
1.4 0.105 0.142 0.146 0.182 0.248 0.246
0.1 1.3 0.328 0.432 0.435 0.538 0.677 0.704
1.2 0.617 0.775 0.793 0.907 0.980 0.966
1.1 0.857 0.964 0.967 0.986 0.999 1.000
1.5 0.064 0.059 0.061 0.054 0.065 0.057
1.4 0.123 0.153 0.160 0.167 0.234 0.228
0.2 1.3 0.297 0.422 0.451 0.527 0.670 0.709
1.2 0.562 0.729 0.763 0.841 0.952 0.967
1.1 0.816 0.938 0.952 0.974 0.999 0.999
1.5 0.047 0.051 0.055 0.054 0.068 0.062
1.4 0.095 0.122 0.140 0.138 0.179 0.190
0.4 1.3 0.248 0.351 0.355 0.423 0.576 0.633
1.2 0.444 0.647 0.681 0.772 0.914 0.941
1.1 0.741 0.895 0.925 0.954 0.992 0.997
]), t   `] üt ´ ¸¥X l0  äÀ <\ À¬ä. H\ )Ä Sun
ñ (2001)X )ü p   `], t   `] ¸¥X l0  äÀ ½¥t ÈÀÌ Á 
<\ ä° Xä. øì p = 0:4x ½°Ð p = 0:05; 0:1; 0:2x ½°ôä ¸¥t Á <\ là
ü 8  Èä. nX t  \äàt  ! ÈX   ´Ü t DÈ0 L8Ð
ÉX ¸¥ | 0 `  Æ <\ À¬ä. $$ \øX l0  äÐÐ 0| \ø$(
X t ´ä0 L8Ð CP $$ © Ð } T ´ ½¥t Èä. øì ÉX
Bias, RMSE, CP\üL Proposed Ignoredôä°X ä.
\¸, \ Å½x P ÑèX ÉàhX Ù|1D X ä. t| t « ø ÑèX ¬¬
t Ü t1ik (i = 1; : : : ; n; k = 1; : : :)@  ! ÈX ÜÜ s1ij (i = 1; : : : ; n; j = 1; : : :)@ Á \
)<\ Ý1X ä(1 = 1:5). P ø ÑèX ¬¬tX  0Ü@ Ø`t 2x ÀìÐ
Ý1X à,  ! ÈX ì@  ! ÈX  0Ü@ « ø Ñèü  1õ`t px  tt 
ì@ Ø`t 2x Àì\0 Ý1X ä. 2 = 1:5( 0:1)1:1D à$X <p, 2 = 1:5 
äX  1 $X(D DPX0 \ tà ø x 2X ä@ äX %D DPX0 
\ tä. w(t) = 1\ àX ä. Table 3.2 1,000X õD µt Farmer ñ (2000)X 
(`Wilcoxon'),  ! ÈÐ Yi(t) = 0<\ X\ Sun ñ (2001)X (`Ignored')  2.3Ð
H\ (`Proposed')X  1 $X(ü %D DP\ tä. pÐ 4 X 8 µÄÉ
@  1 $X(D  ÌqX <\ À¬ä. p@ 2X Ð  ÄÆt WilcoxonX %ôä
IgnoredX %t T ø<p, IgnoredX % ôä ProposedX %t T l À¬ä. 
ÁX ü H\ µÄÉX %@ pX t  `] X ½¥D ô <p, 2X 
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Table 3.3. Descriptive statistics of the total number of trac convictions and the average conviction rate per a
year by YTOP and non-YTOP participants and gender, respectively
Ñè ´
 PµÜ  1D ù PµÜ D(
 Y Éà  Y Éà
YTOP 8  91 1{8 2 2.890 0.085{2.073 0.394 0.493
YTOP ø8  91 1{10 2 3.110 0.087{1.467 0.407 0.463
¨ 129 1{10 3 3.209 0.085{2.073 0.421 0.510
ì 53 1{7 2 2.491 0.087{1.269 0.372 0.402
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Figure 3.1. Comparison of two estimators for the total number of trac convictions
t 1.5Ð@´È] X½¥Dô ä.
3.2. YTOP Ì 
192Ð  \ Ì Ð 8@  ! Èt ð<\ ÝXì Ð xX ä. ø |8Ð
 øÀX  ! ÈX ÌÜ@  ! È tÄ « ø ¬¬t ÜÐ lÄè <\  
p øÀX  ! Èt ðìD ÝXt  ! ÈX ÌÜD X`  Æ0 L8tä. \ «
ø ¬¬t tÐ  ! ÈD  Ä 8  4Ä Ð xä.  ! Èt ð<\ ÝX
 8 | Ð x\ ü Ù|\  Ð  ! È@ ¬¬t tÄÐ Ý`  0 L8t
ä. °m  P  À 0pt Ð ´ XÐ tùX 10D Ð xX ä. tä 10D
YTOP 8 ì\  ôt YTOP 8  6tÈà, YTOP ø8  4tÈä. 1Ä\ ¨
1t 9, ì1t 1tÈä.
Ð ìh 182X ´ Ð \  tÁ ´À| ù\ ´ 30tÈà, ø Ð
25@ 1, 4@ 4, 1@ 3 ´À| ½ØX ä. Table 3.3@  PµÜ @ 1D
ù PµÜ D(D YTOP 8 ì@ 1ÄÐ 0| }\ tä. PµÜ  YTOP
ø8   YTOP 8 ôä ÎXÀÌ 1D ù PµÜ D(@ YTOP 8   $$ T ÎX
ä. ÁX ü 1Ä\ ¨  ìôä PµÜ @ 1D ù PµÜ D(t ¨
P T Î À¬ä. Figure 3.1@  PµÜ Ð  \ ÉD À¸ tä. |Ä
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Figure 3.2. Estimated cumulative mean functions by YTOP and non-YTOP participants(A) and gender(B),
respectively, based on the Sun et al. (2001)'s method
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Figure 3.3. Estimated cumulative mean functions by YTOP and non-YTOP participants(A) and gender(B),
respectively, based on the proposed method
 (Ignored)@ Sun ñ (2001)X É<\  ! ÈD 4Ü\ ½°tp,  (Proposed)@ H\ 
Étä.  ! 0Ð  ! ÈX à$ ì  P ÉÐ øX ¨ü  ´ P Ét pX  
¬XÀÌ, Üt ½ü`]  Äôä Y  (t)| äôä ü É X0 L8Ð  ! ÈD à$
\ ½°ôä (t)| üX ä. Figure 3.2 YTOP ì@ 1ÄÐ 0|  PµÜ
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Ð  \ Sun ñ (2001)X ÉD À¸ tä. YTOP ìÐ 0x  PµÜ 
X (tÐ  \ Sun ñ (2001)X  XU` @ 0.456<\ YTOP ìÐ 0|  XXÀ JX<p, 1
ÄÐ 0x (tÐ  \ @  XU` t 0.008<\ ä°  XX ä. Figure 3.3@ YTOP ì
@ 1ÄÐ 0|  PµÜ Ð  \ H\ ÉD À¸ tä.  t w(t) = 1|
L, YTOP 8ìÐ 0x  PµÜ X (tÐ  \ H\ µÄÉX  XU` 
@ 0.836<\ YTOP ìÐ 0| ä°  XXÀ JX<p, 1ÄÐ 0x (tÐ  \ Ä  XU
` t 0.135\  XXÀ JXä. w(t) = 1  àÐ w(t) = fY 1(t)Y 2(t)g=Y  (t)| ¬©Xt H
\ µÄÉX  XU` t 0.176(YTOP 8ìÐ  \ DP), 0.259(1ÄÐ  \ DP)<\ À
w(t) = 1| LX °ü@ ÁtX ä (è, Y  (t) = Y

1(t) + Y

2(t)). t YTOP Ì ´Èä 
Üt\ät0L8Ð !0X(tÐTÎ@ Dü0L8ÐÀÁt|àÝ\
ä. Farmer ñ (2000)t H\ µÄÉX  XU` @ YTOP 8 ì@ 1ÄÐ 0x DPÐ 
 0.003, 0.221<\@ Sunñ (2001)XµÄÉH\µÄÉü 8|ôÈä. Figure
3.2@ Figure 3.3Ð À õµ ¹Õ@ YTOP 8ììÐ 0x  PµÜ  P(Xp
 ! 0Ð YTOP 8   $$ D8  ôä ä  Üt ½ü`] \ íÈä. 1
ÄÐ0xPµÜÁXü¨ ìôäTÎXä.
4.  X
ø |8Ð D\  ! ÈD  Ä ¬¬t ÌX CMFÐ  \ ÉD H<p ø É
| Õ<\ \ Å½x P ÑèX Éàh| DPX0 \ D¨ D HX ä. ¨
XäØ °üÐ 0tt H\ É@  ! ÈD 4Ü\ Sun ñ (2001)X Éôä ¸¥ü Éà
ñ$(X ñü, ÉàhÐ  \ 95% ìh`\ ü L °X ä. øì  ! ÈX D(t 
D L(, p = 0:4) H\ Ét CMF| ü X 8  Èä. H\ )@  ! Èt
ä\ ] ÜD ¨t0 L8Ð ø ÜD U`<\ \ä. 0| ø ÜD äÜôä 
 Xt ø Ü0 äÜLÀX ØÑiD ü (CMF| ü)X à, ä
Üôä l Xt äÜ0 ÜLÀX ØÑiD ü(CMF| ü )X 
ä. øðp Üt U`<\ tÀ0 L8Ð @ @ Üt ÎDÀ,  \ Ä@ @
Üt ÎDÀ| } !`  ÆÈä. tÐ  \ ðl Ä ü\ ¨¨Pà \ä. \ 
H\ @  ! ÈX D(Ð  Ä Æt ©  1 $X(D  ÌqX <p Farmer ñ (2000),
Sun ñ (2001)X ôä %t °X ä. Zhao@ Sun (2006)X @  ! ÈX ÌÜ
D U Hä  XÐ H t0 L8Ð % DPÐ x<p, Kimü Jhun
(2008)X@ !ÈX|\\\X 0L8Ð%DPÐxX ä. \¸, 
H\ D YTOP ÌÐ ©Xì YTOP 8 ìÐ 0| Éàh  \ äxÀ| DPt
ø °ü  XU` t 0.836<\ ä°  XXÀ JXÀÌ ØÑiX l0Ð D@X  D ¬©
Xt  XU` t 0.176\ @  Ð 0| Át\ °ü| ô ä. YTOP Ì T8¸ ðl 
DÈ0 L8Ð ´Èä 0t \ ätä. 0|, X °üôä ÄX °ü  T Àù
Xäà Ý\ä. °m YTOP  PµÜ t| t p l ¨ütÀ JX<p 1ÄÐ 0
| PµÜ  t  l ätÀ J@ <\ À¬ä. YTOP Ì@ ì¬ ¨XäØÐ à
 ÄèD à$0 L8Ð ¨à ´X ðl0t Ù|Xä. 0|   ìÐ 0| %
X (t  pX Æ´ Table 3.2Ð  D à$\ °ü À´À JXä. ø |8Ð CMFÐ
 \ Sun ñ (2001)X Éü H\ ÉD DPX0 t Zhao@ Sun (2006)ü  ! Èt Æ
 ¬¬tÐ  \ CMF| 8pX(benchmarking) )D ¬©p äx  H<\, ´Ä\
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Ni(t)Ð  \ sample path| lXà õµ CMF|  Xà 0 L8Ð n sample pathX Éà<\
 ´X )t ä. øì t )@ sample setÐ 0| õµ CMF  À`   \ÄD ÀÈ
à ä. \¸ ¬¬tü  ! ÈD \ Å½<\ ÝÜ¨ät õµ CMF } Ä°`  À
Ì YTOP ÌÐ ü  ït ä Ì ¬¬tü  ! Èt <\ ÝX0 L8Ð ä
tÀ»\ètä.
´tÈ| èÝXt \ YTOPÐ 8 X t DÈ|  ! ÄÐ 8 ì  °0 L8Ð
YTOP 8 ì  PµÜ Ð øX ¨ü| X0 t YTOP 8 ì| ÜÐ
0|ÀXõÀÉ(time-varying covariate)<\äè´|TÀù`tä. \Ù|´ÐÝ
\  ! Èä@ \ ð ´ D Ä 0 L8Ð ø ð  lp| à$Xì  ! ÈX ÌÜÐ
 \ì|X8\U¥XtDXäàÝ\ä.
ø ðl °ü ôtXY |ÐÄ © ¥Xä. \ \, à9Ð Á@ Áü èD |<¤p
ÑÐÐX  ¥ ü\ Ðx  Xtä. Á ¬t@ à9Ð õ<\ |´   ä. øì
Á<\ÐXÌ|0ÐÁtäÜÝ`U`tä°ä. , Ð0t| !
ÈD  Àà ä. \ ôÐ Ä 0¥X õü ¬X )À| t   )88|  p t 0
Ä  ! È<\ ü`  ä.  ôÐÜt  ! ÈX ÌÜt ´ D\  ! Èt
DÈÀÌ, Ä ÌÜD U XX t UX0 L8Ð D\  ! È<\ ü  
ä (McKay@ Anderson, 2010).
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